G lobally, fuel ethanol production has now reached 75 billion L yr -1 , and Canada's contribution is approximately 2 billion L yr -1 (Canadian Renewable Fuels Association, 2010; Klein et al., 2004) . Some economists have argued that ethanol fuel production from grain feedstocks relies too heavily on government programs to offset what is considered to be an inefficient system incapable of adequately reducing greenhouse gas emission targets (Freeze and Peters, 1999; Klein et al., 2004) . Others have argued that ethanol should only be produced using crop biomass and residues (Canadian Renewable Fuels Association, 2010) , considered by many as agricultural waste (Freeze and Peters, 1999) . However, the dramatic rise in plant construction and output, including seven ethanol plants operating in western Canada with a collective annual output of 0.5 billion L (Canadian Renewable Fuels Association, 2010) , suggests that the economics may not be as important as provincial and federal policies targeting energy diversity, agricultural benefits, and rural renewal (Coad and Bristow, 2011; Klein et al., 2004) . Studies also report that >60% of crop residues must be retained to adequately maintain proper C cycling in the soil in wheat production systems (Freeze and Peters, 1999) . Therefore, if crop residue exports are limited to 40% to maintain soil quality, ethanol production from grain is probably needed at some level to meet the increasing long-term demand for ethanol. Furthermore, grain-based ethanol production provides grain growers the opportunity to sell their grain into dual markets, which enhances marketing options for cereal production. Today, a producer of CWSWS and CPS wheat, which are preferred for wheat ethanol feedstocks, can choose to sell into a milling market or contract the production to an ethanol plant.
If cereal grains remain an important feedstock for ethanol production, does wheat possess superior attributes for fermentation over alternative cereals? Barley (Hordeum vulgare L.) was once considered inferior to wheat for fermentation efficiency and economic feasibility considerations (Klein et al., 2004) . Newer studies using updated fermentation techniques report similar ethanol concentrations among some barley (Hordeum vulgare L.) and CPS wheat cultivars (Vigil et al., 2012) . Triticale is a cereal crop first created in the late 19th century by crossing common wheat with rye (Secale cereale L.) (Oettler, 2005) . It generally possesses a low grain protein concentration and high grain yield and biomass potential, which are more desirable traits in biorefinery processes than currently used wheat classes (Beres et al., 2010; Goyal et al., 2011) . Moreover, the greater yield potential for triticale relative to Canadian wheat classes affords greater competitiveness with weeds (Beres et al., 2010; Oettler, 2005) , and it also displays better tolerance to drought and pests than wheat (Darvey et al., 2000; Erekul and Köhn, 2006) . Preliminary studies conducted in the western prairies of Canada indicated that triticale does have potential as an ethanol feedstock (McLeod et al., 2010) .
A crop that does not occur naturally in the ecosystem, has low presence in human consumption markets, and is compatible with all on-farm and industrial equipment and infrastructure may be more attractive as a cereal platform technology and better received by society overall. The case for triticale may strengthen further if gene transformation is used to enhance a plant trait to be exploited in a bioindustrial process. Reports to date have not assessed triticale grain yield and ethanol production across an array of environments, nor have these reports assessed the crop using modern fermentation technologies. The Canadian Triticale Biorefinery Initiative (CTBI) is a consortium of stakeholders representing the triticale value chain with a focus on positioning triticale as a cereal platform technology for the bioindustry. One of the short-term goals for the CTBI is to benchmark the relative performance of triticale to Canadian wheat classes currently utilized for ethanol production. To address this goal, our objective was to compare grain ethanol fermentation and production results and other grain quality characteristics for 10 triticale and spring wheat cultivars.
MATERIALS AND METHODS Experimental Design and Management
The experiment was conducted at 45 locations across Canada from 2006 to 2009 (Table 1 ; Fig. 1 ). Data generated from each location varied from a single year to 4 yr. Therefore, depending on the variable, data were collected at 71 to 94 sites (location ´ year combinations).
Three triticale and two CPS, three CWSWS, one CWRS, and one CWGP wheat candidate cultivars (10 in total) were grown at the study sites (Table 2) . Cultivars were chosen using the following criteria: (i) used as mid-to long-term checks used in either cultivar trials or cooperative registration trials or both; and (ii) provide a spectrum of yield and quality characteristics and disease resistance. Superb, for example, represented the CWRS class for most regional cultivar trials as well as cooperative registration trials and was popular with western Canadian producers. Hoffman, for example, was chosen for its high yield potential and its agronomic and disease attributes, particularly in the context of cultivar suitability to general purpose end uses such as feed or ethanol. Cultivars were randomly assigned to each of three replicates at each location ´ year combination according to a randomized complete block design.
The locations in Ontario, Quebec, and Prince Edward Island were grouped together to represent eastern Canada (Table 1 The plots were seeded at a rate of 300 seeds m -2 using a plot seeder equipped with a cone splitter and zero-tillage double disk openers. Seeding dates were typical for the respective regions within western and eastern Canada. Soil macronutrients were amended to levels that optimized wheat production for the region based on soil test recommendations. Plots were scouted for incidence of weed, disease, and insect pressure, and pesticides were applied as needed based on product labels and field crop protection guides.
Experimental Measurements Yield and Grain Quality
Each plot was harvested using a Wintersteiger plot combine (Wintersteiger AG) equipped with a straight-cut header, pickup reel, and crop lifters. Grain yield was calculated from the entire plot area, and a subsample was retained to characterize test weight and whole grain protein, starch, and pentosan concentrations. Grain yield and protein concentration were calculated at a moisture content of 135 g kg -1 . Protein concentration was estimated by means of near-infrared reflectance spectroscopy (Foss Decater GrainSpec, Foss Food Technology). Composite samples of grain for each cultivar at each location were analyzed for starch, pentosan, and residual starch content. Starch concentration was measured using AACC International (1976). Total pentosan concentration was estimated from flour by the orcinolHCl method (Hashimoto et al., 1987) .
Ethanol Fermentation
Grain from the composite samples was milled with a Perten 3100 Laboratory Mill (Perten Instruments) until the flour could pass through a 0.5-mm mesh screen and then mixed with water to obtain a mash with 32% (w/w) solids. The pH of the mash was adjusted to 4.0 using 12 mol L -1 HCl for viscosity and raw 
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Canada prairie spring red wheat Fernandez et al. (1998) Hoffman Canada eastern red spring wheat; Canada western general purpose candidate H. Voldeng (unpublished data, 2004) starch hydrolysis analyses. An enzymatic treatment with Optimash TGB (317 mL kg -1 of grain) and Fermgen (952 mL kg -1 of grain) (Genencor International) was performed at 52 to 55°C in a water bath for 1 h with frequent stirring. At the end of the enzymatic treatment, the pH and total solids were adjusted to original conditions to compensate for any change. The mash was transferred aseptically to a sterile 500-mL flask. Diethyl pyrocarbonate (Sigma-Aldrich, 97%) was added (779 mL kg -1 of mash) to each flask as a sterilizing agent and kept at 4°C for 72 h. Before starting fermentation, the mash was warmed to 53to 55°C in a shaking incubator (Model Innova 44, New Brunswick Scientific). Stargen 002 (1.071 mL kg -1 of mash) (Genencor International) was then added to each flask for a 1-h incubation period. At this point, the temperature of the mash was reduced to 30°C and the stirrer speed was maintained at 200 rpm for the rest of the fermentation.
Urea (Fisher Scientific, 98%), Superstar yeast (Lallemand Ethanol Technology), and water were added to the mash in each flask to adjust to 30% (w/w) solids. Urea was used as an external N source at an initial concentration of 16 mmol L -1 . The yeast was prepared by rehydration with 0.2 g yeast mL -1 water in a 250-mL flask followed by incubation at 30°C for 30 min with shaking at 200 rpm. Each flask was individually inoculated with yeast to have an approximate concentration of 2 ´ 10 7 colonyforming units mL -1 .
After inoculation, each flask was capped with a rubber stopper containing a gas trap (American Brewmaster) to allow CO 2 venting. To prevent ethanol evaporation from the flasks during fermentation, 2 mL of sterile water was added to each gas trap before starting fermentation. The inoculated flask was then incubated at 30°C in a shaking incubator at 200 rpm for 72 h. At the end of the fermentation, a sample of the mash was subjected to gas chromatography analysis to determine the ethanol concentration. All remaining mash was freeze-dried for residual starch concentration determination.
Statistical Analysis
Data were analyzed with the PROC GLIMMIX procedure of SAS version 9.2 (SAS Institute). The effects of replicate and site (location ´ year combinations) were considered random, and the cultivar effect was considered fixed. A Gaussian error distribution was used for the analysis. Pairwise comparisons were assessed using the SAS pdmix800 macro, developed by Saxton (1998) , which accounts for pairwise probabilities and converts them into letter groupings, and a Bonferroni adjustment was used to provide some protection against Type I errors. Variability for the cultivar effect among sites was assessed with a statistical test to determine if the variance estimates were significantly different from zero and also by comparing the relative size of the site ´ cultivar variance estimate to the total variance associated with the site (main effect of site plus site ´ cultivar interaction). Treatment effects were declared significant at P < 0.05.
The genotype ´ environment interaction was assessed with a grouping methodology biplot, as described by Francis and Kannenberg (1978) . The mean and CV were estimated across sites and replicates for each cultivar. These means were plotted against CV to explore average responses relative to variability for all cultivars. The mean of the cultivar values and CVs was used in the plot to divide the ordination space into four quadrants or categories: Group I-high mean, low variability (optimal); Group II-high mean, high variability; Group III-low mean, high variability (poor); and Group IV-low mean, low variability.
A general form of principal component analysis, otherwise known as multidimensional preference analysis, was performed to further explore the relationships among mean responses for the different crop traits (multivariate analysis of means). The data matrix for the analysis included cultivar means as rows and means for selected response variables as columns. The analysis was conducted with the PRINQUAL procedure of SAS version 9.2 (SAS Institute). using an identity transformation. The results were summarized in a biplot, which is a plot of the mean principal component scores for treatments for the first two principal components. Eigenvectors (correlation between the transformed and original data) for the crop responses were plotted as points at the end of vectors projecting from the origin into various positions in the ordination space. The coincidence of response variable vectors and cultivars across the ordination space suggested crop response variable associations with the cultivars. The lack of coincidence for response variable vectors and cultivars indicates cultivars for which the associated responses were lesser than other cultivars. The relative lengths of the vectors indicated the strength of these associations.
RESULTS

Entry and Class Differences
The analysis of variance indicated that the overall effect of cultivar always was highly significant (P < 0.001). The statistical test for the interaction effect of cultivar with agroecological zone or province was often important (P < 0.041), with a few exceptions. The cultivar ´ agroecological zone interaction effect for starch and ethanol concentration was not statistically significant.
Hoffman usually was the highest yielding cultivar, and the triticale and CWSWS cultivars almost always were part of the highest yielding group with Hoffman in and across all Canadian agroecological zones and provinces (Table 3) . The CPS and CWRS cultivars consistently yielded least across most agroecological zones and provinces. The average yields of Hoffman, Pronghorn, and AC Ultima exceeded those for the CWRS cultivar AC Superb by an average of 24% and CPS red cultivars 5700PR and AC Crystal by 19% across western Canada. The overall yield potential was reduced in eastern Canada, but the magnitude of the difference over the CPS and CWRS cultivars was usually greater (the difference was 46% greater relative to AC Superb and 52% greater relative to CPS cultivars). Responses for Ontario were unique relative to the other eastern Canada zones because of increased variability and lower yield potential, which made statistically significant differences difficult to detect. The average yield for the triticale class was similar to that for CWSWS wheat in western Canada, whereas the triticales yielded 23% more than CWSWS cultivars in eastern Canada; however, specific within-and across-class comparisons for the triticale and CWSWS cultivars by agroecological zone in western Canada deviated from the preceding overall differences.
The superior milling and baking qualities of a CWRS class cultivar were evident in the study: AC Superb was always in a group of cultivars with the highest test weights and protein concentration in or across all agroecological zones and provinces (Tables 4 and 5 ). Yield components other than test weight must be responsible for the high grain yield potential of the triticales because they all displayed the lowest test weights (Table 4) . Lower protein concentration also occurred for the triticales relative to the other cultivars (Table 5 ). The other hard red spring wheat cultivars often had moderate to high test weights, which indicates other yield components were unable to maintain the grain yield (Table 4) . Also, moderate to high protein concentration was observed for this same group of cultivars ( (Tables 4 and 5 ). These trends were similar for all regions, although test weights were generally higher in western Canada. Differences in pentosan concentration were sometimes detected (Table 6) ; however, the most notable and consistent difference was the elevated pentosan levels for Tyndal, especially in the Western Prairies and Quebec.
There were notable interactions for starch and ethanol yield, which are proxies for energy potential per unit area, although there was no interaction between cultivar and region for starch and ethanol concentration. The overall cultivar differences for starch and ethanol yields matched closely those for grain yield; starch and ethanol yields often were greater for the triticales Pronghorn and AC Ultima, the CWSWS class, and Hoffman than for the CPS and CWRS cultivars (Tables 7 and 8) ; however, the residual starch concentration, which is a reflection of resistance to starch digestibility, did reveal notable cultivar differences, with one exception (Table 9 ). The class mean for triticale displayed lower resistant starch values than the mean for the CWSWS class in two of three western Canada agroecological zones and Ontario; the CWSWS class produced 37% more residual starch than the triticales in these agroecological zones. These differences were not related to ethanol yield in western Canada and Ontario because the triticales (AC Ultima and Pronghorn) and the CWSWS class produced similar ethanol yield in most regions of western Canada and Ontario. The triticale class, however, mainly Pronghorn and AC Ultima, did produce more ethanol at the Maritimes site (78% more) and when averaged across all of Canada (10% more; the percentage increase did not include Tyndal) (Table 8) . When assessing starch and ethanol concentrations averaged across all regions, the values were relatively similar among cultivars with the exception of Tyndal and AC Superb, which were among a group of cultivars that tended to produce lower concentrations of starch and ethanol (Table 10) . .001 † TRIT, spring triticale; CWSWS, Canada western soft white spring wheat; CWRS, Canada western red spring wheat; CWGP, Canada western general purpose candidate; CPS-W, Canada prairie spring white wheat; CPS-R, Canada prairie spring red wheat.
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‡ Means followed by the same letter in a column are not significantly different (P < 0.05; Bonferroni adjustment). § Adjusted LSD(0.05) can be used only to compare cultivar means.
¶ Red includes CPS-R, CWRS, and CWGP (Hoffman).
A multivariate representation of the means in a biplot was used to identify overall cultivar and class differences for all crop responses. Mean principal component scores for treatments for the first two principal components were plotted as points in the ordination space, and eigenvectors (correlation between the transformed and original data) for crop responses were plotted as points at the end of vectors projecting from the origin. The coincidence, or lack of coincidence, of points and vectors (the length of a vector indicates the strength of the relationship) on the ordination space suggested crop response variable associations with the cultivars. The Western Prairies biplot most closely corresponded with the representation across all agroecozones (Fig. 2) . Triticale and the CWRS and CPS wheat cultivars tended to deviate farthest from the origin, and these two groups of cultivars were most polarized among all 10 cultivars, mainly along the first, horizontal principal component. This distinction among cultivars corresponded with protein-related and testweight vectors often aligning with CWRS and CPS cultivars, while yield-related vectors coincided with triticale and Hoffman. In the eastern Canada regions, Hoffman was most polarized from the other cultivars. The CWSWS cultivars generally positioned closer to the origin than the other cultivars; this indicated .001 † TRIT, spring triticale; CWSWS, Canada western soft white spring wheat; CWRS, Canada western red spring wheat; CWGP, Canada western general purpose candidate; CPS-W, Canada prairie spring white wheat; CPS-R, Canada prairie spring red wheat.
‡ Means followed by the same letter in a column are not significantly different (P < 0.05; Bonferroni adjustment). § Adjusted LSD(0.05) can be used only to compare cultivar means. ¶ Red includes CPS-R, CWRS, and CWGP (Hoffman). 
Performance Stability and Variance
The random effect of site captured the variability among location ´ year combinations not explained by the fixed effect of region. The site ´ cultivar variance estimate was always highly significant (P < 0.01) ( Table 11 ). The percentage of the total site variance accounted for by this interaction often varied around 10 to 15% but was as high as 24 to 31% for protein, pentosan, and residual starch and starch concentrations.
Mean vs. CV biplots were used to further explore and understand the response variability relative to the mean responses ( Fig.  3 and 4) . Overall, Hoffman wheat and AC Ultima and Pronghorn triticale produced consistent, maximum yields in most areas, although Pronghorn was positioned closely only to the quadrant associated with high and consistent yields. Tyndal and the CWSWS cultivars were less consistent but comparatively high yielding. The CWRS cultivar AC Superb and the CPS cultivars produced lower grain yields, with CPS red wheat yields being variable and AC Superb yields being consistent. Hoffman clearly showed that it is highly adapted (Group I: maximum crop response with low CV across sites) in all regions except the Maritimes and Eastern Prairies. Similar to Hoffman, at least one triticale, usually Pronghorn or AC Ultima, displayed high adaptation to all regions except the Western Prairies. In this agroecological zone, high and variable grain yields were observed for the triticales. The CWSWS cultivars were not adapted (lower and/ or more variable responses) to areas outside the Western Prairies and Parklands. The CPS and CWRS cultivars were frequently highly adapted in all regions in terms of protein concentration (Fig. 3) . It was apparent that AC Superb and Tyndal often were not adapted in terms of starch and ethanol concentration ( Fig.  3 and 4) ; however, AC Ultima, AC Sadash, and AC Crystal exhibited clear adaptation in most regions for starch concentration (Fig. 3) . The other CSWSW cultivars, Pronghorn triticale, and Hoffman also produced high starch concentration but with greater variability (Fig. 3) . Ethanol yield trends, not surprisingly, followed closely with those for grain yield (Fig. 4) .
DISCUSSION
The ethanol production potential of triticale in this study can generally be summarized as: triticale (excluding Tyndal) = Hoffman red spring wheat = CWSWS > CPS > CWRS. Hoffman was not recommended for registration in western Canada in 2010 based on susceptibility to stem rust. For this reason, it was deemed that Hoffman was not a suitable ethanol feedstock alternative in western Canada. Although ethanol concentration differed only for the lesser performing Tyndal and AC Superb (Table 2) , the mean vs. CV biplots (Fig. 4) suggest that the Pronghorn and AC Ultima triticales, Bhishaj CWSWS wheat, and the CPS class would provide consistently greater levels of ethanol concentration across most regions. The other CWSWS cultivars, AC Sadash and AC Andrew, were more variable in most regions, which indicates that utilization of this class outside the Parkland and Western Prairies could pose greater risk (i.e., variable supply) for ethanol plants, especially when compared with Pronghorn and AC Ultima.
With the exception of the Western Prairies, where greater variability was observed, Pronghorn consistently produced high grain yield, which means it was probably best adapted to produce stable, maximum ethanol yields across most of Canada. Hoffman and AC Ultima also displayed reasonable ethanol yield traits; however, Hoffman has stem rust susceptibility in western Canada and AC Ultima displayed a slightly narrower range of adaption across the three agroecological zones. The CWRS and CPS classes are not as well suited to ethanol production relative to select triticales, the CWSWS class, and Hoffman. It was not surprising that the CWRS class is not suitable as an ethanol feedstock because this has been established in other studies (McLeod et al., 2010) . Our findings for CPS, however, differ from the conclusions of McLeod et al. (2010) that both CPS red and white classes were superior to triticale at study sites in 1993 to 1996.
There are a few possibilities suggesting that the ethanol yield potential of triticale has improved in recent years. Also, innovations to fermentation technologies have evolved, along with newgeneration enzymes that seem to have improved starch digestibility to the point that most cereal grain feedstocks, including those in this study, do not differ in terms of ethanol concentration (Gibreel et al., 2011) . The residual starch values presented in this study would seem to support this argument because the values were generally similar among most cultivars. When elevated residual starch values were observed, they occurred in the CWSWS class, the preferred feedstock for ethanol plants. Inferior residual starch responses for CWSWS further support the use of select triticale as a suitable ethanol feedstock in Canada.
It is thought that advancements in cultivar development have overcome concerns about growing degree day requirements, elevated concentrations of pentosans, and other major deficiencies responsible for a lack of utilization of triticale for ethanol plants. Our findings indicate that select triticales will be suitable for ethanol production, which corresponds with other studies conducted in the Parkland and the southern region of Alberta, Canada (Beres et al., 2010; Collier et al., 2013; Goyal et al., 2011) . For example, Collier et al. (2013) reported that triticale could be successfully grown in regions that accumulate ³1700 growing degree days and that modern cultivars appeared to have improved stress tolerance and grain quality. This provides evidence that these issues are no longer relevant if appropriate cultivars are utilized. Pronghorn and AC Ultima appear well suited for an ethanol end use because they were widely adapted and displayed pentosan levels similar to the preferred cultivars. Tyndal, however, would not be well suited due to elevated pentosan contents and longer growing degree day requirements-attributes that hindered the adoption of previous triticale cultivars (McLeod et al., 2010) .
The generally small variance estimates relative to total variance for the random effect of site suggests that rank changes between cultivars, in exclusion of agroecological zone or region interactions, probably were not important. In the first study of this series , similar observations were reported for agronomic and disease traits with the exception of lodging, which had a site ´ cultivar variance estimate of 31%. Entry difference variability may increase when the area expands beyond the agroecological zones; however, the area required to observe a response can be large. For example, a study assessing genotype ´ region interactions for two-row barley cultivars also reported no notable adaptation to subregions; responses within western Canada were similar (Atlin et al., 2000) . Regional adaptation occurred only when the area was expanded to all of western Canada vs. eastern Canada.
In conclusion, the high ethanol yield potential for triticale, along with relatively stable ethanol yields, reflects its potential as an ethanol feedstock in most regions of Canada. This broad range of adaptation and stability would also suggest that the potential extends into the northern and central Great Plains of the United States. There is greater perceived risk in growing triticale, however, due to diseases such as ergot, a lack of information regarding the fermentation efficacy of triticale, and the fact that crop insurance programs will not ensure triticale at a rate similar to CWSWS wheat (Keith Rueve, personal communication, 2011) . There was greater potential for risk (in terms of additional variability) growing the preferred CWSWS cultivars AC Andrew and AC Sadash in all regions except the Parkland in western Canada. Compared with AC Andrew or AC Sadash, Pronghorn and AC Ultima appeared to have similar or greater ethanol production overall, in most regions, and with greater consistency. Therefore, the results of this study indicate that triticale offers advantages over CPS and CWSWS as an ethanol feedstock. Changing ethanol feedstock acreages from CPS and CWSWS wheats could occur when Canadian growers have a revenue insurance option to cover the price of risk of growing triticale.
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